The galactolipid, phospholipid, and fatty acid composition of chloroplast envelope membrane fractions isolated from leaves of Vicia faba L. has been determined. The major lipids in this fraction are: monogalactosyldiglyceride, 29%; digalactosyldiglyceride, 32%; phosphatidylcholine, 30%; and phosphatidylglycerol 9%. The lipid composition of the chloroplast envelope membranes is qualitatively eimilar to that of the lamellar membranes isolated from the same plastids, but the proportion of each lipid present is very different. The total galactolipid to total phospholipid ratio was 1.6 :1 in the envelope and 11.1 : 1 in the lamellae. The monogalactosyldiglyceride-digalactosyldiglyceride ratio was 0.9 : 1 in the envelope and 2.4 : 1 in the lamellae. Both membranes lack phosphatidylethanolamine.
A quantitative comparison of the lipid and fatty acid compositions of the envelope with those of mitochondrial and microsomal fractions indicates that the chloroplast envelope has a composition intermediate between that of the chloroplast lamellae and these extrachloroplastic membranes.
Although the ultrastructure of the chloroplast envelope has been examined in leaf cells (11, 19, 37) , and its permeability properties studied both in the whole leaf (13, 14, 32) and recently in isolated chloroplasts (5, 15-18, 22, 29, 36, 38) , noth- ing is known of its chemical composition. Chemical characterization of the envelope membranes must be carried out on isolated membranes, and methods for the isolation (26) and purification (27) of chloroplast envelope membranes have already been published. These methods yield membrane fractions in which 85 to 90% of the membranes originate from the chloroplast double envelope. The lipid composition of these membrane fractions has now been investigated, and the fatty acid composition of the total lipid and of some of the individual lipids was determined. The (26) .
The leaves (30-40 g ) were homogenized at full speed for 3 and then 5 sec in an Atomix blender with 180 ml of ice-cold medium A: 53 mm Na2HPO,/KH2PO4 buffer containing 500 mM D(-)sorbitol, 10 mM MgC12 and 10 mm EDTA-Na2, pH 7.3. The resulting homogenate was filtered through four layers of cotton organdy and eight layers of 25 ,um mesh nylon. Chloroplasts and chloroplast envelope membranes (pellet P4) were isolated from this filtrate by a modification of previous methods (26) as shown in Figure 1 . Chloroplasts were prepared by sedimentation at 3,000g for 15 sec, and the resuspended pellet was then layered onto a 10-ml (4 cm) band of 400 mm buffered sucrose and centrifuged at 5OOg for 12 sec. This second centrifugation reduced the mitochondrial and bacterial contamination by 60% and removed the majority of broken plastids (25) .
Isolation of Chloroplast Envelopes. For the isolation of the chloroplast envelopes, the chloroplasts were ruptured osmotically by incubation in buffered 10 mM MgC12. Each washed chloroplast pellet was resuspended in 10 ml of grinding medium from which the sorbitol had been omitted (medium E), and was incubated at 0 C for 10 min. The suspensions were homogenized in a TenBroeck ground-glass homogenizer by raising and lowering the plunger rapidly three times. The homogenized suspension was diluted with 20 ml of incubation medium and centrifuged at 3,000g for 10 min. Floating material was removed and the supernatant decanted and recentrifuged at 20,000g for 30 min. The pellet from this spin contained the chloroplast envelope membranes. The crude envelope fraction was washed once by resuspending in 20 ml of medium E (medium A minus sorbitol) and recentrifuging at 20,000g for 15 min.
The suspensions were observed by phase contrast microscopy at each stage during the isolation procedure. Initially, the intact chloroplasts were opaque and shining in appearance, but after incubation the suspensions contained many chloroplasts with grayish halos. In each of these chloroplasts the lamellar system was eccentric within the grayish balloon-like structure. The grayish structures were pinched off free of lamellae and resembled red blood cell ghosts. These ghosts were seen to be derived from the chloroplast envelopes, and increased greatly in number after homogenization. The Chzromatography. Individual galactolipids and phospholipids were separated from the bulk lipid extract by two-dimensional TLC on H or HR grade silica gel (Merck) using chloroform-methanol-water (65:25:4, v/v/v) in the first dimension and acetone-acetic acid-water (100:2:1, v/v/v) in the second dimension (10). The total phospholipid fraction was separated from the neutral lipids and the galactolipids by one-dimensional TLC using either acetone-acetic acid-water (100:2:1, v/v/v) or toluene-ethyl acetate-ethanol (2:1:1, v/v/v) as solvent. Lipids for quantitation were located with iodine vapor which was allowed to evaporate before analysis. Lipids for fatty acid analysis were located by spraying with 0.2% 2',7'-dichlorofluorescein in 50% ethanol and visualized under UV light.
Lipid Estimation. Galactolipids were estimated as galactose (in the presence of absorbent) by the phenol-sulfuric acid method of Roughan and Batt (33) . Galactose in 2% (w/v) phenol in water was used as the standard.
Phospholipids were estimated (in the presence of absorbent) as Pi by the method of Bartlett (4) following their digestion by 72% perchloric acid. KH2PO4 was used as the standard. Areas of absorbent equivalent in size to those of the lipid spots were used as blanks; this was found to be particularly necessary for the accurate determination of the galactolipids.
Fatty acid analysis. Fatty acid methyl esters of the total lipid and of individual lipids were prepared with boron trifluoride in methanol (28) . It was impossible to separate the sulfolipid from the total phospholipid, using either acetoneacetic acid-water or toluene-ethyl acetate-ethanol, and it was therefore part of the spot remaining at the origin which was used in these analyses. The methyl esters were purified before gas-liquid chromatography by TLC using petroleum ether (60-80 b.p.)-diethyl ether, 4:1 (v/v) as solvent. The methyl esters which were visualized with dichlorofluorescein were identified by reference to a standard of methyl oleate. They were eluted with diethyl ether and analyzed in a Hewlett Packard S750 on columns of 10% polyethylene glycoladipate on high performance chromosorb (80-100 mesh) at 200 C. The carrier gas was argon with a flow rate of 50 ml/ min.
Chlorophyll. Chlorophyll was determined in 80% acetone extracts containing small quantities of chloroform (<2% by volume) by the method of Arnon (2) .
RESULTS
All the subcellular fractions contained fragments of chloroplast lamellae. The analyses (except for the total fatty acid composition of the total lipid extracts) have therefore been corrected according to the following equation: L = y -cx where L = the actual quantity of lipid in the fraction after correction (,tmoles); y = the total quantity of lipid in the fraction before correction (jumoles); c = the Chl content of the fraction (,tg); x = the concentration of the lipid in the lamellar membranes (,umoles/,ug Chl).
The assumption has been made that all the Chl in the cell is confined to the lamellar membranes. Any Chl present in other cell fractions will therefore be due to the presence of lamellar fragments. The presence of the associated lamellar lipids in the total lipid extracts of each cell fraction is corrected for by using the correction equation.
The results of the analyses of chloroplast envelope and lamellar membranes are shown in Table I . For comparison with the composition of other membranes, the data in Table  II give the number of moles of each lipid per 1000 moles of lipid analyzed. Qualitatively the acyl lipids of both types of chloroplast membrane are identical but the proportions in which they are present are very different. The galactolipids are the major lipids in both membrane fractions, but whereas they represent 61% of the envelope lipids, they constitute 92% of the lamellar lipid. There is also relatively more DGDG3 in the envelope than in the lamellae, and this is reflected in the MGDG/DGDG ratio which is 0.9:1 in the envelope and 2.4: 1 in the lamellae. Phosphatidylcholine and phosphatidylglycerol are the two major phospholipids in both membranes, but whereas PC is the major phospholipid in the envelope (77%), PG is the major phospholipid in the lamellae (66%). There were also three minor phospholipids in both fractions. Phosphatidylethanolamine which was the only one of these to be positively identified, was only present in trace amounts (<0.6%) in both fractions. Another of these spots, the same size as PE ran in the position of phosphatidylinositol.
The fatty acid composition of the total lipid extract and of the MGDG, the DGDG, and the PL plus SL of all four subcellular fractions are shown in Tables III and IV compositions of the two membranes are rather different. Linolenic acid (18:3) is the major fatty acid in the lipids of both membranes, but there is always a much lower proportion in the envelope than in the lamellae; this is reflected in the lower unsaturated to saturated fatty acid ratios in the envelope.
The composition of the chloroplast envelope membrane also differs from the extrachloroplastic membranes in which the phospholipids are the major class of lipid. For comparison with the envelope lipids, only PC, PG and PE were measured individually in the mitochondrial and microsomal fractions. There were two other minor phospholipids present in both fractions, one of which ran in the position of phosphatidylinositol. In these fractions the phospholipids are respectively 77% and 71% of the total lipid. PC is the major single lipid in both fractions accounting for 43.5% and 47.6%, respectively, of the total lipid. PE is the other major phospholipid in both these fractions. PG is also present in them in small but significant proportions (Tables I and II) . The digalactosyl diglyceride is the major GL in these fractions. This is reflected in the MGDG/DGDG ratio which is 0.8:1 in the mitochondrial fraction and 0.4:1 in the microsomal fraction. Linolenic acid is the major fatty acid in the total lipid, the MGDG, and the DGDG, but not the PL + SL of both fractions; it is, however, proportionally very much less in these lipids than in those of the chloroplast membranes. This decrease is reflected in low ratios between the unsaturated and the saturated fatty acids. Linolenic acid (18:2), the major fatty acid of the PL + SL fraction, and palmitate are the other major fatty acids present ( Tables III and IV) . There was no trace of the trans-A3-hexadecenoic acid in any of the lipids of either extrachloroplastic membrane fraction. It is possible that there were traces of arachidic acid present, but with the analytical system used it was not always readily distinguishable; it has therefore been omitted from all the calculations. DISCUSSION The primary aim of the work presented in this paper was the determination of the lipid and fatty acid composition of chloroplast envelope membrane preparations isolated from Vicia faba L. In order to determine whether a quantitative or a qualitative diversity or both exist between lipids of different membranes in the same organelle, and between different organelles of the same cell, the composition of the chloroplast envelope membranes has been compared with those of other cellular membranes isolated from the same leaves.
The establishment of the identity of the envelope fraction has been described under "Materials and Methods" and elsewhere (25) . When examined in the electron microscope, the pellet of the membrane fraction (20,000g) showed some gradation (26) . Near the top, the pellet consisted of an almost pure membrane fraction of single and double membrane-bound vesicles 0.1 to 5.0 ,um in diameter. The larger double membrane-bound vesicles are almost certainly double chloroplast envelopes in which both outer and inner envelope membranes are still present. The smaller double and the single membrane vesicles would appear to be vesiculated pieces of outer or inner envelope membranes or both. The appearance of the envelope fraction is illustrated in Figure 2 . Toward the bottom of the pellet some mitochondria and a few granal membrane stacks were also present. On a protein basis the major contaminants are mitochondria (about 4%) and lamellar membranes (about 10%). All the lipid analyses for the chloroplast envelope fraction have therefore been corrected for lamellar contamination and the values in the tables gives the composition of a membrane fraction in which roughly 95% of the membranes are from the chloroplast envelope. The envelope fraction is composed of closed vesicles up to 5 /-m in diameter, at least 20% of which are limited by a single membrane. Because it is impossible to identify these single membranes as either inner or outer envelope membranes, the analyses must be regarded as an average for the two envelope membranes. Nill.
-" "": . . . . The composition of these envelope preparations (extracted immediately after isolation) are essentially the same as those reported previously (27) for freeze-dried samples, except that the freshly isolated preparations have lower GL/PL ratios and more PC. Phospholipid breakdown (indicated by the presence in the freeze dried samples of phosphatidic acid) is not apparent in the extracts of the freshly isolated material. The fact that the fatty acid composition of the total lipid calculated from the GL/PL and MGDG/DGDG ratios (Table I) and also the fatty acid compositions of these individual lipids (Table IV) agree with the experimentally determined fatty acid composition indicates that both the lipid and fatty acid analyses are substantially correct (Table V) .
The major differences in the lipid composition of chloroplast envelopes and chloroplast lamellae undoubtedly reflect their functional differences. In the envelope there is an increase in the proportion of phospholipid, a decrease in the proportion of MGDG relative to DGDG, and a very much higher PC content.
The fatty acid composition of the envelope lipids are qualitatively similar to those of the lamellar lipids, with the exception of the trans-A3-hexadecenoic acid which is absent, even though PG is present in the membrane. Linolenic acid is the major fatty acid of all the envelope lipids and all the lamellar lipids, but proportionally much less is present in the envelope, particularly in the MGDG. The high proportion of 18:3 in the phospholipid fraction may well be a reflection of its high PC content, inasmuch as chloroplastic PC in spinach has been shown to contain much more 18:3 than PC isolated from a microsomal fraction of the same leaves (6) . The significance of membrane fatty acid composition in membrane function is still uncertain. However, a high proportion of unsaturated fatty acids in a membrane has been shown to confer stability on the membrane (12) . Unsaturated fatty acids also have a lower transition temperature than the equivalent chain length saturated fatty acid. Thus a membrane like the chloroplast envelope, with a high proportion of unsaturated fatty acids, may be expected to be stable but more mobile over a wider temperature range.
Whether the individual membranes of the envelope have different lipid compositions is still to be determined. It has been suggested from studies with the electron microscope that the lamellar membranes develop from invaginations of the inner envelope membrane (21). Unless there are large differences in the composition of the two envelope membranes any such developmental hypothesis must now also account for the apparent differences in the lipid composition of the envelope and lamellar membranes.
The analyses of the lamellar membranes and of the mito- The comparisons made here between the lipid composition of the different cellular membranes do little to advance our understanding of any relationship which exists between the composition and function of a membrane. However, the apparent correlation which exists in a number of other cell membranes (8, 31, 34) , between a high phospholipid content and the presence of specific transport processes is also found in the chloroplast envelope; the inner envelope membrane is known to have specific transport properties (16, 17) .
Several points of interest about cellular membrane composition have emerged from these analyses. The lipid composition of all the membranes are qualitatively similar with the exception of PE. Because this was found in both chloroplast membrane fractions in only very small quantities (<0.5%) and could be accounted for as mitochondrial contamination, we conclude that it is confined to the extrachloroplastic membranes. The MGDG, the DGDG, and PG were present in all the membrane fractions analysed and therefore are not specifically chloroplast lipids. Furthermore the proportion of PG (as a percentage of the total lipid) is greater in the envelope (8.9%), the microsomes (9.6%), and the mitochondria (7.8%) than it is in the lamellae (5.5%) (Table II ). All the lipids in all the membranes contain the same fatty acids with the exception of the trans-A3-hexadecenoic acid which is only found in the lamellae.
We conclude from our analyses that the major differences in acyl lipid composition between leaf cell membranes with widely differing function are quantitative rather than qualitative.
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